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The origin of unconventional superconductivity, including high-temperature and heavy-fermion superconductivity, is still a matter of controversy. Spin excitations instead of phonons are thought to be responsible for the formation of Cooper pairs. Using inelastic neutron scattering, we present the first in-depth study of the magnetic excitation spectrum in momentum and energy space in the superconducting and the normal states of CeCu 2 Si 2 . A clear spin excitation gap is observed in the superconducting state. We determine a lowering of the magnetic exchange energy in the superconducting state, in an amount considerably larger than the superconducting condensation energy. Our findings identify the antiferromagnetic excitations as the major driving force for superconducting pairing in this prototypical heavy-fermion compound located near an antiferromagnetic quantum critical point.
While conventional superconductivity (SC) is generally incompatible with magnetism, magnetic excitations seem to play an important role in the Cooper pair formation of unconventional superconductors such as the high-T c cuprates or the low-T c organic and heavyfermion (HF) superconductors. Since the discovery of SC in CeCu 2 Si 2 1 , antiferromagnetic (AF) spin excitations have been proposed as a viable mechanism for SC [2] [3] [4] . The discovery of SC at the boundary of AF order in CePd 2 Si 2 5 has pushed this notion into the framework of AF quantum criticality 6 . Unfortunately, such quantum critical points (QCPs) proximate to HF superconductors typically arise under pressure, which makes it difficult to probe their magnetic excitation spectrum.
Here, we report a detailed study of the magnetic excitations in CeCu 2 Si 2 , which exhibits SC below T c ≈ 0.6 K. This prototypical HF compound is ideally suited for our purpose, since SC here is in proximity to an AF QCP already at ambient pressure (cf. Fig. 1(a) ).
As displayed in Fig. 1 (b) CeCu 2 Si 2 crystallises in a structure with body-centred tetragonal symmetry and is one of the best studied HF superconductors and well characterised by low-temperature transport and thermodynamic measurements 7 . Moreover, those measurements in the field-induced normal state have already provided evidence that the QCP in this compound is of the three-dimensional (3D) spin-density-wave (SDW) type 8 . The spatial anisotropy of the spin fluctuations in superconducting CeCu 2 Si 2 was measured at T = 0.06 K and at an energy transfer ω = 0.2 meV and is shown in Fig. 1(c) . These magnetic correlations display only a small anisotropy (a factor of 1.5) in the correlation lengths between the [110] and the [001] direction. Therefore, these quite isotropic spin fluctuations are in line with thermodynamic and transport measurements exhibiting C/T = γ 0 − a √ T or ρ − ρ 0 = AT α , α = 1 − 1.5 8, 9 , and strongly support a three-dimensional quantum critical SDW scenario 10 . We are able to identify the magnetic excitations in the normal state of paramagnetic, superconducting CeCu 2 Si 2 , around the incommensurate wave vector 9 of the SDW order nearby in the phase diagram (cf. Fig. 1(a) ), and further establish the system's proximity to the AF QCP through the observation of a considerable slowing down in the spin dynamics. Going into the superconducting state, a spin gap opens out of a broadened quasielastic response which extends to much higher frequencies (10 × the superconducting gap). These data allow us to establish a saving in the AF exchange energy that is considerably larger than the superconducting condensation energy, thereby providing the first demonstration of the nearly-quantum-critical AF excitations as the major driving force for unconventional SC.
Superconductivity and antiferromagnetism in CeCu 2 Si 2
The SC in CeCu 2 Si 2 we consider is close to the AF QCP, and is to be contrasted with a second superconducting dome appearing at high pressure which is thought to be associated with a valence instability and the concomitant fluctuations 9, 12 . This AF QCP is located within the narrow homogeneity range of the "122" phase in the ternary chemical Ce-Cu-Si We probe the magnetic response of CeCu 2 Si 2 through extensive inelastic neutron scattering measurements around Q = Q AF = (0.215 0.215 1.458), since no appreciable magnetic intensity has been detected elsewhere in the Brillouin zone. Fig. 2 (a) displays energy scans at this Q AF position and at a general position Q = Q arb = (0.1 0.1 1.6), where no correlation peaks emerge, but which has the same |Q|. Both data sets were recorded in the superconducting state at T = 0.07 K. At Q arb only the incoherent elastic background contribution with instrument resolution is seen, while no magnetic intensity could be detected.
In contrast, at Q AF the response shows a strong inelastic signal with a long tail of the intensity extending beyond ω = 2 meV (cf. inset of Fig. 2(a) ). The missing spectral weight at low energies is an indication for a spin-excitation gap in the superconducting state. The spectrum recovers the missing weight at the gap edge, thereby constituting an inelastic line. The data can be described by a quasielastic Lorentzian line with a spin excitation gap Energy scans recorded at Q AF in the normal state are shown in Fig. 2(b) . Notably, independent of how the normal state is reached, i.e., above T c at T = 0.8 K and B = 0 or above B c2 at T = 0.07 K and B = 2 T, the magnetic response is almost identical and appears to be quasielastic. The fits to the quasielastic magnetic response with a Lorentzian lineshape give a good description of the data as seen in Figs. 2(b) and 3(a). With increasing temperature in the normal state the magnetic response weakens in intensity and broadens considerably. Starting from Γ ≈ 0.11 meV at T = 0.07 K the linewidth of the quasielastic response at Q AF increases to Γ ≈ 0.235 meV at T = 1.7 K (Fig. 3(b) ). This considerable slowing down of the response when lowering the temperature indicates the proximity of S-type CeCu 2 Si 2 to the AF QCP. Γ(T ) extrapolates to a finite value at T → 0, since the S-type single crystal is located on the paramagnetic side of the QCP (cf. Fig. 1(a) ). A related critical slowing down was observed in magnetically ordered A-type CeCu 2 Si 2 20 .
The fact that the magnetic excitation gap disappears in the normal state, i.e., above T c , and also above B c2 at low temperatures, where the magnetic short-range correlations still persist, gives direct evidence that the spin gap ω gap is related to the superconducting state.
Its temperature variation is displayed in Fig. 3 (c) and has been derived from fits to the data shown in Figs. 2(a) and 3(a) and additional scans. As indicated by the solid line, ω gap follows, within the error bars, the BCS form for the superconducting gap amplitude 2∆(T ).
We now turn to the momentum dependence of the magnetic response around Q AF in the superconducting state. 
Superconducting condensation and magnetic exchange energies
The observed spin excitations both below and above T c allow us to estimate the decrease of magnetic exchange energy in the superconducting state as compared to the putative normal state. This saving of exchange energy is determined as follows 21, 22 :
is respectively the exchange energy in the normal (N) and superconducting (S)
states, <> indicates an average over the first Brillouin zone, and q = (q x , q y , q z ) denotes a momentum transfer in the first Brillouin zone, i.e., Q = G + q. I(q) is the exchange interaction between the localised f -moments and contains nearest (I 1 ) and next nearest (I 2 ) neighbour terms:
where a and c are the lattice constants, and the precise form of f 2 is given in 14 . The inclusion of the next nearest neighbour terms is a consequence of the three-dimensional nature of the spin excitations of CeCu 2 Si 2 (cf. Fig. 1(c) ). This is different from the cuprate superconductors and e.g. CeCoIn 5 , where the observed behaviour is predominantly twodimensional. As described in detail in the supplementary material 14 , we find a magnetic exchange energy saving of ∆E x = η 4.8 · 10 −3 meV per Ce (η ≈ 1.25, η being a measure of the SC volume fraction 14 ). This energy saving stems primarily from the spectrum at low energies, below the magnetic excitation gap. This follows from the fact that the spin excitations are peaked around the wave vector Q AF at which I(q) is positive. Fig. 5 illustrates which part of the spectrum of Imχ(Q AF , ω) increases/decreases ∆E x . This energy gain must be compared with the superconducting condensation energy ∆E C , which is the difference in internal energy between the (putative) normal and the superconducting state at T = 0 21,22 :
Using the specific heat data shown in Fig. 6 Our observation that the magnetic exchange energy saving is more than one order of magnitude larger than the condensation energy implies that AF excitations are the primary driving force for SC. A comparable factor of exchange energy saving over condensation energy has recently been observed in the unconventional superconductor YbBa 2 Cu 3 O 6.6 25 . As Comparison with other unconventional superconductors
Our understanding of the magnetic exchange energy saving in the HF superconductor 
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We greatly acknowledge helpful discussions with A. Chubukov, P. Coleman, T. Dahm, The present neutron scattering experiments were complemented by bulk measurements on the same S-type CeCu 2 Si 2 single crystal. The heat capacity was recorded using a compensated heat-pulse technique, while the ac susceptibility was measured with a homemade susceptibility setup and was recorded during the neutron scattering experiment simultaneously while the neutron data were taken. As shown in Fig. 6(a) at T c ≈ 600 mK is observed with a large diamagnetic signal at lower temperatures.
Furthermore, the susceptibility measurements yield an upper critical magnetic field B c2 to kill superconductivity of B c2 = 1.7 T for B [110] at T = 0.07 K.
From entropy the single-ion Kondo temperature T K was deduced to almost coincide with the lattice coherence temperature as obtained from the position of the low-temperature peak in the temperature dependence of the electrical resistivity 3 . Both are around 15 K.
From the Doniach criterion together with the fact that our sample is almost quantum critical it follows that the magnetic energy scale T RKKY ≈ T K ≈ 15 K.
Analysis of magnetic response
The neutron intensity is directly proportional to the scattering function S(Q, ω). In the paramagnetic, normal state of S-type CeCu 2 Si 2 the magnetic response was fitted by a quasielastic signal with Lorentzian lineshape (cf. Figs. 2(a) and (b) and Fig. 3(a) ). Hence, the scattering function S(Q, ω) at momentum transfer Q and energy transfer ω takes the
at temperature T where n( ω) + 1 = 1/[1 − exp(− ω/kT )] is the Bose factor and k is Boltzmann constant. Here, χ 0 denotes the susceptibility and Γ the energy linewidth of the fluctuations (HWHM, half width at half maximum), which is inversely proportional to the lifetime τ of the fluctuations. In the superconducting state the magnetic response was modeled using a modified scattering function taking the electronic density of states in a superconductor, Z(ω), into account, i.e.,
otherwise.
is the value of the superconducting gap at a certain temperature T .
S ine,mag (Q, ω) = S qe,mag (Q, ω) · Z(ω) was then used to describe the data in the superconducting state (cf. Figs. 2(a) , (b) and 3(a)). In each case the scattering function was convolved with the instrumental resolution to fit the experimental data.
Determination of condensation and magnetic exchange energies
The condensation energy ∆E C characterises the stability of the superconducting state (S) against a putative normal state (N) and is the difference in internal energy, or
where G S /G N is the Gibbs free energy of the superconducting (S)/normal (N) state and B c is the thermodynamic critical field defined via 
Here and in what follows, we take the finite field (B = 2 T) data as the putative normal state. From the lowest temperature (T < 0.1 K) the data were extrapolated to T = 0 and the contribution from the nuclear moments was subtracted. The contribution from below T = 0.1 K to ∆E C is tiny (∆E T <0.1 K C = η 7.6 J/m 3 = η 4 · 10 −6 meV/Ce). The factor η > 1 accounts for the fact that only the superconducting volume fraction (1/η) contributes to ∆E C , and it may very well be sample dependent.
We now turn to estimating the difference in exchange energy between the normal and superconducting states, in order to ascertain whether the magnetic excitations contribute significantly to the condensation energy. Heavy-fermion metals are best described by the Anderson lattice model 5 . To estimate the magnetic exchange energy in such a system, it is sufficient to consider the magnetic limit of the Anderson lattice model, i.e., the Kondo lattice model:
where S i is the localised moment at a cerium site r i which is coupled via the Kondo coupling J K to the spd conduction electron spin density s c (r i ) at the cerium site, and ǫ k describes the conduction electron bandstructure. The Kondo model describes not only the formation of heavy quasiparticles but also the AF phase and the quantum critical point, since H KL implicitly contains the RKKY interaction among the Ce moments:
where the exchange constants I i,j ∼ J 2 K . We model the exchange interaction between the localised Ce-moments by including nearest neighbour and next nearest neighbour terms appropriate for the tetragonal, body-centred unit cell:
I(q) = I 1 cos(q x a) + cos(q y a) + I 2 cos(q x a/2 + q y a/2 + q z c/2) + cos(−q x a/2 + q y a/2 + q z c/2) + cos(−q x a/2 − q y a/2 + q z c/2)
where a = 4.1Å and c = 9.9Å are the lattice constants for the a-and c-axis, respectively and I 1 and I 2 are the nearest and next nearest neighbour exchange interactions. The energy saving in magnetic exchange energy of the superconducting ground state compared to the putative normal ground state is then given by
Crystalline-electric-field effects split the J = 5/2 states of the Ce 3+ ion up into a ground-state doublet and a quasi-quartet at high energies (> 30 meV) and result in g-factors g z ≈ g ⊥ ≈ 2, and an almost isotropic spin susceptibility 6 . A is a constant given by A = η · 8 · 3/2 resulting from the eight symmetry equivalent incommensurate AF wave vectors in the first Brillouin zone and the fact that neutrons only detect moments and spin fluctuations perpendicular to the actual momentum transfer. Our sign convention in Eq. (S3) implies that a positive ∆E x is equivalent to an energy saving in the superconducting state. Different energy ranges will in general contribute differently in either decreasing or increasing the exchange energy as the system goes from the (putative) T=0 normal state to the superconducting state.
The exchange constants I 1 and I 2 of Eq. (S7) follow from three independent relations: (i) the observed dispersion of Fig. 7(a) , (ii) the fact that S-type CeCu 2 Si 2 is close to quantum criticality and meets the Doniach criterion and (iii) the functional form of the RKKY interaction. To estimate the magnitude of the exchange interaction I 1 , we chose v exc from the observed dispersion of the overdamped excitations (see inset of Fig. 4(a) ).
Using the mean field expression of v exc for a three-dimensional, cubic lattice with I 2 = 0, we find I 1 = 0.63 meV. Note, that an I 2 > 0 will lead to an increase in I 1 for fixed dispersion, making I 1 = 0.63 meV an estimate from below. Alternatively, estimating I 1 via the Doniach criterion, we find that I 1 ≈ 0.6 meV when using T K ≈ 15 K and the fact that S-type CeCu 2 Si 2 is almost quantum critical. The ratio I 1 /I 2 is estimated from the distance-dependence of the RKKY interaction. This interaction shows oscillatory behaviour with an envelope that falls off as a function of the inverse of the distance r between the Ce moments. For free electrons, this function is a simple power law and the period of the oscillating function is set by 2k F r. In CeCu 2 Si 2 , the RKKY interaction is mediated by the spd conduction electrons. For a reliable estimate of the ratio I 1 /I 2 in CeCu 2 Si 2 we combine band structure calculations for the non-magnetic La-homologue LaCu 2 Si 2 of reference 7 with the RKKY interaction for non-spherical Fermi surfaces obtained by L. Roth et al. 8 . As found by Roth et al., the RKKY interaction shows a 1/r 3 dependence even for non-spherical Fermi surfaces except for directions where the effective band mass diverges.
We therefore set I 1 /I 2 ≈ r The volume fraction η enters Eq. (S8), since the magnetically ordered regions in S and N yield (essentially) identical responses for B = 0 and B = 2 T. Therefore, the actual change in exchange energy between S and N is larger by a factor η. As a result, the ratio between ∆E C and ∆E x will be independent of η. Nonetheless, an estimate of the volume fraction η of our sample can be obtained from the ordered moment associated with the elastic magnetic response and the weak anomaly in the heat capacity yielding ≈ 0.02 µ B /Ce. Comparing this to the ordered moment in the A-phase, µ ord ≈ 0.1 µ B /Ce yields η ≈ 1.25.
The spin susceptibility in the normal state has been parametrized as
In the superconducting state, the susceptibility has been modeled as
for ω ≥ ω gap and zero otherwise. These expressions model very well the experimental data for Imχ N (Q, ω) and Imχ S (Q, ω) in the vicinity of Q AF at small energy transfers where ω gap is independent of Q. Away from Q AF and at energy transfers above 0.5 meV Imχ N (Q, ω)
and Imχ S (Q, ω) are identical (within the experimental error bars) and therefore do not contribute to ∆E x .
Putting everything together, we obtain ∆E x = η 4.8·10 −3 meV/Ce and ∆E x /∆E C = 21.1.
The parameters in Eq.(S9) and (S10) were obtained from fits to the experimental data at . We checked that the associated static structure factors integrated over the full Brillouin zone ("local moment sum rule") in the normal and superconducting state yield identical results (within a 5% error).
The (in reciprocal space) isotropic fit to Imχ N (Imχ S ), see 9 , suggests that the value for ∆E x is an estimate from below. We also checked that even if I 2 were zero, ∆E x would still be one order of magnitude larger than ∆E C .
A realistic modelling of the dynamic susceptibility of the normal and superconducting states in the entire momentum and frequency range should include the overdamped, dispersive excitations. This can be accomplished by parameterising the normal state susceptibility by the SDW form
which includes an overdamped excitation at ω = ω exc = ±b
where ξ is the correlation length and
exc follows from the dispersion relation of Fig.  4(a) . Eq. (S11) reproduces the observed Lorentzian lineshape of the overdamped, dispersive mode for a fixed ω and Q ∼ Q exc (where Q exc is a solution to Eq. (S12)):
of the data at different energies gives rise to the same width, as required by Eq. (S13).
Imχ N (Q, ω) and Imχ S (Q, ω) are identical at energy transfers above 0.5 meV and are still sizeable in magnitude for Q sufficiently away from Q AF . We found that the best fit to the superconducting Imχ S could be obtained from green area exceeds the blue area for an overall saving in exchange energy. Therefore, the spin resonance at low energies observed in CeCoIn 5 and in the cuprates contributes to an increase in ∆E x . A sharp resonance occurs in response to the superconducting state in predominantly two-dimensional superconductors and adds to a saving in exchange energy.
It is however not expected in CeCu 2 Si 2 , which is a 3D superconductor as deduced from the nearly isotropic upper critical field 3 . Instead, as shown in e.g. Figure 2 (a), the magnetic response in CeCu 2 Si 2 is broad and extends to more than ten times the gap energy in contrast to e.g. CeCoIn 5 or the cuprates where a sharp spin resonance has been observed.
Our results imply that there is a sizeable "kinetic" energy loss in CeCu 2 Si 2 . As described in the main text, superconductivity in CeCu 2 Si 2 occurs in the spin-singlet channel. As a result of the opening of the superconducting gap, the Kondo-singlet formation is weakened and the spectral weight of the Kondo resonance is reduced. The spectral weight sum rule dictates that the integration of the single-electron density of states over all energies is unchanged (and is equal to one). As a result, the lost spectral weight from low energies (within the scale of the Kondo temperature) must be transferred to higher energies, on the order of the on-site Coulomb interactions among the f -electrons where the incoherent f -electron excitations reside. This energy loss in a heavy fermion superconductor should therefore be distinguished from the ordinary kinetic energy loss of a classical superconductor 12 . The data have been put on an absolute intensity scale 14 . Below ω ≈ 0.1 meV (≈ 1.6× the instrumental resolution) the errors in S mag increase strongly (some data points fall even outside the plotted range), since the strong elastic scattering S ela is subtracted from the total scattering to receive S mag and due to small uncertainties in the resolution function. These uncertainties are the same for both data sets and do not play a role since only the difference is analysed for the estimation of the exchange energy saving. (b) Linewidth Γ vs. temperature T of the quasielastic magnetic response at Q AF in the normal state as yielded by fits to the data shown in Fig. 2 . (same data as in Fig. 3(a) ). Solid lines are fits to the data (see text). For energies ω > 0.5 meV, the dynamical susceptibility of the normal and superconducting states coincide (within the experimental error bars) and thus do not contribute to the exchange energy saving.
